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Cl, C2, etc
C1-F

Cp

EGT
EPNL
EPNdB

Fg, fg

NOMENCLATURE

Descrigtion

Area

Physical primary nozzle exit (throat)
plane area

Effective throat area

Nozzle exit plane area

Fan stream exit area

Blocked area

Area ratio: ratio of total area
(annulus for plug nozzles, plane for
2-D nozzles) to physical flow area
Ellipse semimajor axis

Advanced supersonic transport

Turbine blade

Blow-in-door

Blade passing frequency

Ellipse semiminor axis

Coefficient

Compressor rotor

Compressor rotor - 2nd harmonic
Nozzle gross thrust coefficient
(static and wind-on)

Nozzle discharge coefficient (ratio of
actual to ideal flow rates) or inlet area
coefficient (ratio of actual to physical
flow area)

Axial balance readout

Normalized cross-correlation function
in-jet to far-field

Speed of sound

Diameter

Aerodynamic drag force

Nozzle physical outer dia.

Tube internal diameter

Circumscribed tube bundle diameter
Internal diameter of conical primary
nozzle at primary exit, plane 8
Internal diameter of nozzle at plane 9
Outer shroud diameter

Decibel, re 0.0002 dyne/in?

Discharge valve

Exhaust gas temperature

Effective perceived noise level

Unit of effective perceived noise level
Sabbl separation parameter

Measured gross thrust (stream)

Net thrust

xlvii

Units

MasZ, 665

(a9, (£
(in.2), (ft2)
(in.2), (£t2)
(in.2), (ft%)
(in.2), (£t°)

counts

(ft/s;c)
(in.), (ft)
lbg
(in.)
(in.)
(in.)

(in.)
(in.)
(in.)
(dB)
(° R)
(EPNdB)

(1bf)
(1bg)




NOMENCLATURE (Continued)

Symbo1l Description Units |
3 Frequency (Hz) |
G Real-gas stream thrust correlation
factor sas =
H Axial thrust (1b)
He Axial balance force (1b)
Hg 2-D nozzle throat height (normal) (in.)
Hp 2-D ramp (plug) rize (in.)
3 2-D immersion depth parameter (in.) ‘
HPT High pressure turbine == =
h Conical ejector annulus height (mean) (in.)
h1, hy 2-D suppressor height (in.)
h 2-D primary flow passage height (in.)
H Height \ (in.)
h Pressure altitude (ft)
IGV Inlet guide vane - --
b -1 imaginary number
iX/pc Normalized reactance (imaginary part of
complex acoustic impedance) =4S 5
Ko Critical flow factor V* R/sec
Ke Fan-core (duai-flow) exit plane
offset distance ~ 5,75" (in.)
k Isentropic ratio of specific heats (1.4)
L Calibration load (1b)
L Length inz., £t
Ly Axial length of 2-D ramp (in.)
L, Axial reference location of variable
position inlet centerbody
Lig Shroud internal length (in.)
L¢ Tube external diameter (in.)
LPC Low pressure compressor A=
LPT Low pressure turbine Dl o !
M Mach number S
MO Freestream Mach number - - -
Mj Jet stream Mach number = ==
Ma/c Aircraft Mach number S
MPT Multiple pure tone - - -
m Mass flow rate (1bm/sec)
Mth Throat Mach number - - -
N Nozzle s
N Rotational speed rpm
%N Percent corrected speed %
N/§§ Corrected speed rpm
n Number . ---
NR Narrowband - - -
NOY Annoyance weight SPL; used to calculate ™~
PNL (NOY)
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NOMENCLATURE (Continued)

Symbol Description
OB Octave band
| OAPWL Overall sound power level re
10-13 yatres
OAJPL Overall jet pressure level(aero-
i dynamic pressure, rms)
OASPL Overall sound pressure level
P Pressure
Po Ambient free stream Pressure
Py Suppressor base static pressure
B; Static pressure (surface)
| Wall surface pressure
Py Pressure ratio
Prs Nozzle exit total pressure
AP Static pressure difference
' ' PWL Sound power level, re 10-13 watts
(APT/PT)Max, Inlet total pressure distortion =
PNL Perceived noise level
PNdB Unit of perceived noise level
Py Sound pressure in far field
Pj(t) Sound pressure in jet
qc Compressible dynamic pPressure,
R Resistance
R Radius
Ro Outer flowpath contour radius
Ry Inner flowpath contour radius
R/pe Normalized resistance (real part of
complex acoustic impedance)
RPM Revolutions per minute
J R1 Rotor one - 1gt stage rotor
| RN Reynolds number
| r Radial distance
RH Relative humidity
ry Immersion radius
s Outer (tip) radius
Th Hub (inner) radius
S Distance between @,of tube rows
Sj In-jet Strouhal number fD/v
sz « Pp Pj(t) Source function distribution
SPL Sound pressure level
SL Sideline distance
SDOF Single degree of freedom
SST Supersonic transport
SABBL Stratford and Beavers boundary layer
. analysis - computer program

xlix

dB

dB
psia, psig
psia, psig
psia, psig
psia, psig
psia, psig
psia
psi

dB

(PrMayx - PIMin.)

PNdB

(psi)

(psi)
PT-PS

(in.)
(in.)
(in.)

rpm
(in.)
%
(in.)
(in.)
(in.)
(in.)
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Symbol

STC

10 log pA
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< @

O

I>D D

NOMENCLATURE (Continued)

DescriEtion

Compressor stall margin

Streamtube curvature - compressible
potential flow computer program
Temperature

Nozzle exit total temperature

Turbine Stage 1, Stage 2, etc.

Rotor tangential velocity

Rotor tip speed

Turbulent particle velocity

Mean particle velocity

Velocity

Core stream velocity

Fan bypass strear: velocity

Fully expanded ideal jet velocity
Vortex shedding frequency

Weight flow rate

Width

Secondary entrained flow

Nozzle primary flow

Total primary and secondary flow
Induced flow

Flow width at basis (hub)

Flow width at tip (casing)

Axial distance

Reactance

Ramp normal coordinate direction
Axial coordinate from geometric 2-D
unsuppressed nozzle throat
Aerodynamic axial calculation station
Normalizing factor (SPL and PNL) for size
& test condition variance (deg)

Angle of attack

Bypass ratio

Orifice coefficient

Angle between a straight line from source
to microphone and engine or nozzle ¥ ; ref
to inlet or exhaust (acoustic angle)
Diffusion angle

Corrected total temperature (E%EE)
o

Corrected total pressure (E%EE)
)

Jet stream density

Ratio of specific heats

Incremental quantity

Pressure ratio's wave length

Inlet total pressure recovery factor

Units

e

° R
e R
ft/sec
ft/sec
ft/sec
ft/sec
ft/sec
ft/sec
ft/sec
ft/sec

Hz
1b/sec

(in.)
1lb/sec
1b/sec
1b/sec
1lb/sec

(in.)

(in.)

(in.)

(in.)

(in.)
(in.)

(deg)

(deg)
(deg)

1bm/ft3

(ft)
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NOMENCLATURE (Concluded)

Symbol Description Units
.| Subscripts

AMB, a /mbient
| ANN Annulus
Av Average
B Blocked
BID Blow-in-door
b Base .
C Core
CH Chute
D Subsonic diffuser
d Discharge
e Effective
! e Exit
EN Entrance
EQ Equivalent
Ex Exit
F Fan
I Inlet
1 Ideal
i5 Jet
il Hub
Max, Maximum
Min. Minimum
0 Freestream or ambient condition
Overall Combined primary & BID performance
PRI Primary inlet
Sp Spoke
) Static condition
g, T Total conditions
T Tip
TE Trailing edge
th, TH Throat 3
Total : Sum of primary & BID properties
Venturi Venturi-measured flowrate |
w Wall ]
HS, Compressor entrance station
1 M~tering nozzle station - wind tunnel s
2 Diffuser exit (aero-traverse) station
2.5C Compressor discharge station f
3 Flexible seal station - wind tunnel
7 Measurement plane for nozzle throat t
Pr and Ty
8 Nozzle throat plane ’
9 Nozzle exit plane
1 18 Fan bypass exhaust throat plane
i
i
- \ 11
b = n\
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1.0 INTRODUCTION

1.1 BACKGROUND

In 1964 CGeneral Electric entered the competition to provide the power-
plant for the Uuited States Supersonic Transport and, ultimately, was awarded
the contract in late 1966 to develop the engines for the prototype aircraft.

At the initial conception of the Supersonic Transport Program, noise
(especially as it affects the community around airports) was a matter of
concern but did not dominate in the engine selection and design. The
initial approach was one of establishing the most economically attractive
engine/airframe combination and then identifying the operational procedures
which provided the minimum community noise intrusion., As the SST program
progressed, the impact of noise became more pronounced; and, for Phase III

of the program, noise goals both at takeoff and approach were set as require-
ments,

The original engine proposed by General Electric in 1966 (désignated
GE4) was a 475 1bs/sec, fully augmented turbojet with a two-stage ejector
nozzle. To meet the quoted noise goals at the community and approach location,

the exhaust nozzle was operated on an open area schedule with the inlet
choked.

During the course of the program, although the engine cycle réhained
relatively constant, the engine increased in size; and, the power settings
at takeoff and approach were raised to be consistent with increases in
alrcraft weight and modified design. These changes, in conjunction with a
reduction in the acceptable noise levels as community reaction to noise be-
came more evident, caused a rapid increase in emphas’s in technology to

contr>l the supersonic jet noise and turhomachinery noise as the program
progressed,

Based upon analysis and a vast background of engine, component, and ‘=
model scale testing, it was shown that the limiting noise source at the
sideline monitoring point was the Jet; the turbomachinery was the major
noise contributor at approach. At the community monitoring point, both jet

and turbomachinery noise could be important, the dominance depending upon
engine size and exact power setting.

Research and development in support of the suppressed GE4 exhaust
system necessitated an extensive effort in the fleld of basic supersonic

Jjet noise technology and its application to the development of a viable jet
noise suppressor. Major categories of concepts tested were:

° High-flow ejectors
° Primary rod, tab, and chute systems

° Secondary ejectors with rod, flap, and chute systems
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° Fluid injection

. Multispoke-chute and tube systems tor conical and similar
nozzle systems

During the later phases of the Supgﬁsdﬁic Transport Program, it became
evident that current jet noise suppredsion technology could not develop
a fully augmented turbojwt éngine capable of meeting acceptable noise levels.
Mutual agreements among %oeing, DOT, the Airlines, and General Electric
(continually reassessing the B2707-300 aircraft noise goals) kept reducing
the allowable noise (see Table 1), with each change more closely aligned
with the new subsonic aircraft noise limitations. The GE4 augmented
turbojet was reconfigured in line with the earlier goals; however, achieving
the final noise goals required a substantial engine modificatiun and advanced
suppression techniques, Thorough design studies of high-airflow engines and
noise suppression systems were conducted. These studies were supported by
scale model acoustic and aerodynamic test programs. The recommended engine
configuration at the conclusion of the program was a high-flow turbojet
engine operating without augmentation at takeoff.

The suppressor concepts which provided the most favorable combination of
high jet noise suppression for given thrust and weight penalties were in the
form of multielement spoke/chute plug nozzle geometries, The systems were
designed to be the most beneficial in the lift-off exhaust nozzle velocity
range of 2300-2500 ft/sec for the high-flow engines. The suppressor elements
could be deployed from a stowed position within the central plug and form the
throat of the nozzle, sealing with the translating annular shroud, . There-
fore, the retractable suppressors would not penalize the cycle when suppression
was not required at the important cruise condition,

An extensive model acoustic and wind tunnel aerodynamic test program
was conducted (see Reference 1). By proper selection of spoke/chute plug
nozzle geometric parameters, 8.5 EPNL gross suppression with a 6% thrust loss
was thought attainable, Several of these suppressor configurations, with a
direct application to the high-flow engine/exhaust system concept, were sub-
jected to in-flight acoustic testing at J85 scale on an F-106 aircraft,

The results of these in-flight tests are reported in Reference 2.

The demonstrated suppression level was intended to satisfy the dry turbo-
jet requirements in late 1970 necessary to meet a 112-EPNL sideline goal, ‘
Further Airline/Boeing/General Electric meetings established that, in line
with this new concept, the subsonic aircraft FAR Part 36 noise regulations
would be the new GE4/B2707-300 goals., This would be accomplished through
jet suppressor refinement to meet 108-110 EPNL sideline noise levels as
shown in Table 1, early in 1971.

While jet noise was known to pose a severe problem for the SST, parti-
cularly at the sideline measuring condition, the turbomachinery noise problem
at the approach and community monitoring points was not clearly defined, 1In
fact, the magnitude of noise reduction required and the complexity of the
approach to the solution was not understood until acoustic testing of the
choked inlet on a full-scale GE4 engine had been conducted. The results

o i e T}




Table 1.

GE4/B2707-300 Noise Goals.,

Time Period

EPNL Noise Goals

0.35 n m
Sideline

3.5 nml
Takeoff

1.0 n mi
Approach

Engine Configuration

Early 1970

124

108

108

633 1lbs/sec Augmented
Turbojet

4.5 PNdB Jet Suppressor
(TSEN Nozzle)

Turbomachinery (T/M) Noise
Suppression

Mid 1970

116

108

108

Preliminary Design of High-
Airflow Dry Turbojet and
Bypass Turbojet Engines

Jet and T/M Noise
Suppression

Late 1970

112

108

108

900 1bs/sec Dry Turbojet
Multielement Jet Suppressor

T/M Noise Suppression

Early 1971

110

107

105

High-Flow Engine

Advanced Multiengine Spoke/
Chute Suppressor

To Meet 108/108/108 Goals
with Trades

T/M Noise Reduction

i, A,
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from these plus other diagnostic tests showed that reduction of turbomachinery
noise was clearly a requirement to meet the approach and community noise goals.
The advantage of beating the requirements at one or both of these monitoring
points, in order to take advantage of the trading aspects of the PAR Part 36
regulation, was also realized. Technologies being developed on related noise
programs (such as the General Electric NASA Quiet Engine Program, General
Electric CF6 development, etc.) needed to be adapted to engine configurations
suitable for supersonic transport gystems. Full utilization of these
approaches would impact on the design of the engine component through:

° Acoustic treatment on most available flow surfaces
° Blade row spacing
° Blade/vane ratio

° Flow acceleration (choking or partial choking)

° Leaned vanes

° Use of IGV's to restrict upstream noise propagation

In early 1971 when the noise objectives for the SST had been redefined
to meet the FAA subsonic transport noise goals with trades of 108 EPNdB (for
an aircraft of over 600,000 pounds TOGW) , the engine design was set as a dry
turbojet of approximately 800 1lbs/sec weight flow. This design was arrived
at after extensive optimization studies, including acoustic inputs. Also
based upon aeroacoustic inputs, the nozzle design was an annular convergent/
divergent system with a multichute suppressor. Turbomachinery noise reduction
anticipated the use of extensive acoustic treatment in the compressor and
turbine areas, along with optimizing turbine rotor/stator spacing. Presuming
a continued technology development in both jet noise and turbomachinery noise
suppression, it was predicted that this engine, in conjunction with the Boeing
B2707-300 aircraft with high-1ife devices, had the potential f meeting the
required airport noise levels.

The Department of Transportation issued a contract to General Electric
and Boeing after the cancellation of the SST Program which was to finalize
selected noise technology areas and summarize the results of the program.

Phase I of the Supersonic Transport Noise Reduction Technology Program
(Contract No. FA-SS-71-13) was completed in December, 1972. The program
covered several critical areas in the noise reduction of a Supersonic
Transport Propulsion System. It encompassed work in both the jet noise and
turbomachinery noise fields. Results of the Phase I effort are documented in
References 1 and 3, which include a summary of the jet noise suppression work
conducted during the SST program. The Phase I jet noise summary provided A.. ..

data base for continued and new suppressor development in the DOT Phase II T
program,
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1.2 PROGRAM OBJECTIVES

Using the initial efforts of the SST program as a starting point, the
FAA/DOT issued the Phase II contract to GE in order to continue this im-
portant work. The effort was divided into three major areas: 1) Jet Noise
Reduction, 2) Turbomachinery Noise Reduction, and 3) Aircraft/Engine System
Integration.

The work carried out in this program, as the overall objective, had to
provide the additional acoustic technology necessary to design high speed
aircraft systems recognizing future acceptable noise levels. The program
approach was to develop basic data on the two major noise sources that must
be controlled, specifically jet noise and turbomachinery noise. The work
was carried out on scale models and moderate-to-large sized engines, with
the range of variables employed to permit application to a variety of
possible advanced aircraft engine sizes and systems.

The program intent was broad enough to allow exploration of new concepts
and provide basic data adaptable to a range of possible advanced engine
systeme, in addition to carrying out the development of specific concepts
through the system evaluation phase. The program built directly on the
work performed during the SST engine development program and the Supersomic
Transport Noise Reduction Technology Program (Phase 1) and was integrated
with the effort of the NASA-Lewis AST Program (Reference 4) in evaluating
likely suppressor configurations and SST engine cycles.

The overall objective of the Supersonic Transport Noise Reduction
Technology Program was to advance noise suppression technology so as to
permit development of future supersonic commercial aircraft unhampered by
major noise problems. The program goal was to develop component and
jet noise suppressor technology such that future supersonic aircraft could
meet or possibly better Federal noise regulations for subsonic aircraft.

1.3 METHOD OF ACCOMPLISHMENT

1.3.1 Jet Noise Reduction

The jet noise reduction documented herein was achieved through analytical
studies, model tests, and J79 engine tests. The work was accomplished in
the following tasks:

] Continued development of the most promising configurations
{dentified during the SST Program

. Evaluation of additional advanced concepts which showed promise
of high suppression capability with reasonable aerodynamic and
mechanical compromise

o Refinement of the most promising approaches based on work above

° Evaluation of acoustically treated ejectors to match selected
suppressor systems
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1.2 PROGRAM OBJECTIVES

Using the initial efforts of the SST program as a starting point, the
FAA/DOT issued the Phase II contract to GE in order to continue this im~
portant work. The effort was divided into three major areas: 1) Jet Noise

Reduction, 2) Turbomachinery Noise Reduction, and 3) Alrcraft/Engine System
Integration,

The work carried out in thisg program, as the overall objective, had to
provide the additional acoustic technology necessary to design high speed
aircraft systems recognizing future acceptable noise levels. The program
approach was to develop basic data on the two major noise sources that must
be controlled, specifically jet noise and turbomachinery noise. The work
was carried out on scale models and moderate-to-large sized engines, with
the range of variables employed to permit application to a variety of
possible advanced aircraft engine sizes and systems.

The program intent was broad enough to allow exploration of new concepts
and provide basic data adaptable to a range of possible advanced engine
systems, in addition to carrying out the development of specific concepts
through the system evaluation phase. The program built directly on the
work performed during the SST engine development program and the Supersonic
Transport Noise Reduction Technology Program (Phase I) and was integrated
with the effort of the NASA-Lewis AST Program (Reference 4) in evaluating
likely suppressor configurations and SST engine cycles.

The overall objective of the Supersonic Transport Noise Reduction
Technology Program was to advance noise suppression technology so as to
permit development of future supersonic commercial aircraft unhampered by
major noise problems. The program goal was to develop component and
jet noise suppressor technology such that future supersonic aircraft could
meet or possibly better Federal noise regulations for subsonic aircraft.

’ 1.3 METHOD OF ACCOMPLISHMENT

1.3.1 Jet Noise Reduction

The jet noise reduction documented herein was achieved through analytical

studies, model tests, and J79 engine tests. The work was accomplished in
the following tasks:

® Continued development of the most promising configurations
identified during the SST Program

° Evaluation of additional advanced concepts which showed promise

of high suppression capability with reasonable aerodynamic and
mechanical compromise

® Refinement of the most promising approaches based on work above

° Evaluation of acoustically treated ejectors to match selected
SUppressor systems
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® System evaluation of the best suppression approaches with
acoustically treated ejectors by evaluating the aeroacoustic
effects, and weight penalties, on the performances of an
advanced high speed transport aircraft

. Design and test of a final configuration based on all the above
work with evaluation to include model acoustic and aero tests

Plus incorporation into an engine exhaust system for test in
the engine environment

Scale models were used for acoustic testing at General Electric's
Jet Engine Noise Outdoor Test Stand (JENOTS), Static aerodynamic perfor-
mance tests, as well as with external flow, were carried out using approxi-

Corporation and the NASA-Lewis wind tunnel facilities.

The analytical work was supported by direct measurements of the jet
plume details (for example, the velocity and turbulence distributions)
using the General Electric Laser Doppler Velocimeter developed under USAF/
DOT Supersonic Jet Exhaust Noise Investigation Program (Reference 5).

on a modified J79-8/15 engine. The tests were Jointly conducted with Task 1
and Task 3 of the DOT High Velocity Jet Noise Source Location and
Reduction Program (Contract No. DOT-05-30034), Reference 6.

1.3.2 Turbomachinery Noise Reduction

Both primary contributors to SST turbomachinery noise were investigated,
i.e., turbine noise and compressor noise. Turbine noise identification and
reduction was studied using a YJ85 engine. Testing was conducted at General
Electric Laboratories at Edwards Air Force Base. A massive inlet suppressor
was used to suppress the J85 compressor noise, and an open nozzle was used
to reduce jet noise. This approach was successful in unmasking and identi-
fying the turbine noise. Two methods for suppressing the turbine noise were
investigated, i.e., increasing the second (final) stage spacing and wall
Plus mid-duct splitter acoustic treatment. Both internal and far-field
acoustic data were recorded during the tests. The aerodynamic performance
of the turbine and other engine components was also monitored. Thus a
representative high pressure turbine was used to identify the impact of tur-
bine noise on an SST engine system and to investigate two practical ways of
reducing this form of turbomachinery noise in the far field,

An advanced three-stage low pressure compressor (LPC) was used in the
compressor noise investigation. This 26.3-inch diameter (first stage rotor)
was considered quite representative of the first compressor system which
would be utilized in future SST engines and, in fact, serves as the basic
model in the current NASA-Lewis AST Program cycle/system study efforts being
conducted at General Electric, The compressor has a design pressure ratio




of 4.1 at a first rotor tip speed of 1534 ft/sec. Testing of the compressor
was conducted at General Electric's outdoor sound field at Peebles, Ohio.

The IM1500 gas generator drive system and jet noise were highly suppressed

in order to isolate the compressor noise. Two basic approaches to suppressing
the radiated compressor noise were investigated. They were: (1) a "hybrid"
inlet, and (2) high Mach number IGV's, The variable geometry inherent in a
supersonic tranport engine inlet and nozzle makes it well suited to the hybrid
inlet concept, which employs moderate airflow acceleration suppression in
addition to wall acoustic treatment suppression (and thus avoids the
performance problems associated with hard choking the inlet). The basic
design was quite similar to the SST/GE4 inlet, and was representative of an
axisymmetric mixed compression, translating centerbody inlet designed for
supersonic cruise at M = 2.5, The characteristic sharp lip was replaced with
a bellmouth forebody to simulate inflow conditions during low speed flight.
The inlet was fitted with replaceable treatment panels in order to isolate

the effects of the wall acoustic treatment. In addition, an effort to
evaluate the effect of blow-in~door auxiliary inlets, a necessary part of any
SST inlet, on take-off noise was accomplished, with an attempt in the design
to suppress the noise leakage through the doors. A baseline cylindrical inlet
also was tested to evaluate the basic source noise characteristics of the
compressor, to isolate the acceleration suppression and to perform the High
Mach Number IGV Test. The variable flap IGV's of the compressor were
particularly suited to the high Mach Number IGV test in that the flaps were
remotely controllable to reduce the IGV passage area and thus increase the
Mach number. Both near- and far-field noise measurements were made in
addition to aerodynamic performance measured for both the inlet and compressor.

" 1.,3.3 Aircraft System Integration

In order to assess the effectiveness of the model and engine noise
suppression work performed under the Jet Noise Reduction and Turbomachinery
Noise Reduction Tasks of the program, the best performing components were
integrated into a viable type aircraft-engine system. The evaluation was
based on trades between aerocacoustic and mechanical considerations of the
suppressor configurations and on the most current understanding of relative
velocity effects on EPNL suppression. The engine cycle selection and baseline
airplane were established from current technology being developed under the
NASA-Lewis AST Program. Results of the integration work included comparisons
of fully suppressed and unsuppressed engine-aircraft systems. The effective-
ness of the jet and turbomachinery suppression are shown in terms of EPNL at
the FAR Part 36 monitoring points for the sideline, community, and approach
conditions and in terms of noise footprints under the flight path.




2.0 PROGRAM HIGHLIGHTS AND SUMMARY

2.1 JET NOISE REDUCTION

The suppression technology developed under the jet noise reduction task
of this program was a continuation of the jet noise suppression development
studies initiated during the GE4/SST design effort.

The overall objective of the jet noise portion of this program was to
advance jet noise suppression technology in order to permit the development
of future supersonic aircraft unhampered by major jet noise problems. The
program goal was to develop jet noise suppressor technology such that future
supersonic aircraft would meet or exceed current Federal Noise Regulations for
subsonic aircraft. This development work on jet noise suppression was accom-
plished through scale model tests, J79 engine tests, and analytical studies.

The scale model suppressor development effort was directed at a number
of specific areas. Hot jet acoustic and wind-on aerodynamic performance
tests were performed on most of the suppressor configurations. The program
built directly on the work accomplished in Phase I of this program, particu-
larly in the area of multielement (spoke/chute) suppressors on annular plug
nozzles. Table 2 provides a summary of the jet noise suppressors investi-
gated in the course of this program along with the key results.

The multielement suppressor concept, with solid spoke or ventilated-chute-
type elements mounted on the annulus of a plug nozzle, showed that high levels
of suppression could be attained with acceptable performance degradation in
the suppressed mode. In the unsuppressed mode, the supersonic cruise perfor-
mance was enhanced by the presence of the plug which provided stowage space
for the suppressor elements. These suppressor systems were further refined
during this program. Tests were conducted on suppressor configurations
derived from parametric tests (element number, area ratio, planform and cant
angle variation) conducted on similar suppressor models during Phase I.

As seen in Figures 1 and 2 radically different aercacoustic results
were obtained on the multielement (chute) annular plug suppressors. These
differences were subsequently related to the nozzle geometry, seen in Figure
3, by thoroughly evaluating the results from these and previous acoustic,
laser velocimeter, and wind tunnel tests. Key geometric parameters effecting
multichute suppressor aeroacoustic performance include: 1) exit planform,
2) exit plane cant angle, and 3) depth of chute.

) Exit Planform - controls the primary flow distribution around the

annulus of the plug nozzle. It is directly related to the hub to tip
flow-width parameter. Limiting our discussion to the primary flow
passage between the chute, the test results suggest that high flow-width
ratios (>1.5) result in wide spacings at the hub and narrow spacings

at the tip. Aerodynamically, this is attractive since this pressurizes
the plug surface and reduces or eliminates the drag associated with low




Table 2,

Summary of Jet Suppressor

Major Test Results,

APNL APNL
Suppreasor Cstegory at 2128-ft SL ACtg
1. Multiepoke/Chute Suppresaors on
Annular Plug Nozzlee
[ 40 Spoke 8.1 0.61
(] 40 Chute 14.0 0.9
s 36 Chute 8.5 2.12
s 36 Chute + Hardwell Ejsctor 1 9.5 2.71
s 36 Chute + Hardwall Ejsctor 2 9.5 1.76
s 36 Chute + Treated Ejsctor 1 10.5 ——
(] 36 Chute + Treated Ejector 2 10.5 -—
] 32 Chute (Phase I - Model) 11.5 1.64
(Acoustic Baeeline: Conicel Nozzle)
2,  Multitube/Annular Plug Supprassore
] 72 Tube 13 ===
[ 66 Tube 12 A=
s 66 Tube + Herdwell Ejector 2 12 ——
s 66 Tube + Traated Ejsctor 2 12 -—
(Acouetic Baeeline: Conicel Nozzls)
3. Advanced Concepts
s Asymmetric 2-D Unsuppressed
Nozzle 1.5 —
>.$ Unsuppreeeed 2-D + Sidewalls 1.5 ———
(] Unsuppreaaad 2-D + Hsrdwall
Ejector 3.0 -—
s Unsuppreseed 2-D + Ejsctor
Wing 8.0 -—
te Dual-Flow Nozzle, Noncoplenar
ACore/AFan = 1.32 — =
4, Psrametric Refinements
. Dual-Flow Nozzle, Noncoplsnar,
Acore/AFan = 1.0 5.5 -—
) Dusl-Flow Nozzls, Noncoplsnsr,
ACore/Apgn = 1.5 6.5 -
[ Dual-Flow Nozzls, Coplansr
Acors/Apan = 1.5 4.0 =
s Unauppressed 2-D + Hardwsll
Ejector 3.0 10
[} Unsuppreesed 2-D + Treatsd
Ejector 3.0 e
[ Suppreesed 2-D + Hardwall
Ejector 9.0 .53
s Suppreesad 2-D + Treetsd
Ejsctor 10.5 —
] (Aeroscoustic Bseeline
Unsuppresead 2-D)
5. Finsl Modsl Tests
[ 32 Deep Chutse 12.0 2,11
. 32 Deep Chute + Hardwsll
Ejsctor 12.0 2.45
(] 32 Deep Chute + Trestsd
Ejector 12.5 -
6. Finsl Engine Tasts
. 32 Deep Chuts 12.0 ——=
. 32 Deep Chuts + Trsetsd
Ejsctor 12.0 -

"
APNL st Vj = 2500 ft/ssc, Pyg/Po ~ 3.0, and M, = O, re Acoustic Beseline
ACfg st My = .36, Ppg/Po ~ 3.0 re Unsuppressed Plug Nozzle; Aeeumes
APNL (Ststic] = APNL (Flight).

“APNL for 2-D Nozzls rs Unsupprsseed 2-D.

i APNL For Duel~Flow rs to Suppresssd Cors Alons.
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Wind-On Performance Comparisons of Multichute Suppressors. ﬂ
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RATIO = 1.59
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AREA RATIO = 2,13
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Figure 3. Schematic of Multichute Geometric Characteristics,
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pressures. Acoustically, however, the effect is detrimental since it
distributes a large amount of high velocity flow at the hub where it can
merge quickly to a coalesced jet without sufficient time to entrain
enough ambient air to reduce the velocity, thus resulting in high noise
levels.

The opposite effect can be seen with a very low hub-to-tip flow-
width ratio (<0.5), which results in narrow hub spacings and wide tip
spacings. Aerodynamically, this effect is seen to starve the plug
surface, increasing the plug drag and overall performance loss. Acous-
tically, this is beneficial since a minimum amount of high velocity flow
is concentrated at the hub the majority of the flow is distributed to
the outer annulus where sufficient mixing with ambient entrained air can
take place.

Obviously, these extremes are to be avoided if a realistic suppressor
is to be designed. An attractive compromise appears to be one with
intermediate hub-to-tip flow-width ratios (0.7 - 1.0). This provides a
primary flow paisage that is nearly parallel and uniformly distributes
the flow at & exit plane.

° Exit Plane Cant Angle - influences the initial direction that the
primary flow takes after leaving the nozzle exit plane. The tendency of
the flow is to move in a direction normal to the exit plane angle.
Canting the exit plane angle normal to the plug surface tends to focus
the flow along the plug and coalesces it to a single jet at the plug end.
The effect on aeroacoustic performance is similar to the effect of high
hub-to-tip flow-width ratio on exit planform.

If the exit plane is canted away from the plug, the tendency of the
flow is to move outward and off the plug surface, inhibiting aerodynamic
performance by increasing plug drag and enhancing acoustic suppression
by moving the high energy streams to a larger diameter and allowing
bette: aerodynamic mixing to take place.

Again, these are two extremes which must be compromised for effec-
tive multichute nozzle design. A compromise on exit cant angle for sup~
pressors without ejectors can be reached with axial flew from the exit
plane. 1In this case the exit cant angle is zero or normal to the nozzle
axis. If a secondary ejector is employed, consideration must be given
to select the exit cant angle which will allow the flow to enter the
ejector without impinging on the inlet or flowing around the outside of
the ejector.

° Depth of Chute - controls the amount of ambient air available to mix
with the primary flow elements. Large deep chutes (depth/ height >1)
allow sufficient entrainment to pressurize the base of the chute so that
fewer, wider chutes can be used to segment the primary flow.

13
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Multitube suppressors were investigated to determine their effectiveness
when incorporated in an annular Plug nozzle configuration. The results of
these tests (on 72- and 66-tube suppressors discussed in Section 3.2.2) showed
that both nozzles were close in suppression levels (Figure 4), even though
the suppressor geometries were somewhat different (the 72-tube was designed
for high suppression, while the 66-tube was designed for ease of mechanical
implementation and stowage in the plug). Favorable agreement with previous
multitube test data was obtained, which suggested that the multitube/annular
plug system (with moderate radius ratios) has limited capability for increased
suppression. The addition of a treated ejector in the multitube annular plug
nozzle system may aid suppression with judicious selection of the multitube
and ejector geometries. However, the added complexity and weight to the

overall system is likely to offset any gains typically achieved with ejector
systems (-2 - 4 dB).

A look it a few of the advanced suppressor concepts (discussed in Section
3.2.4) thought to have potential as high suppression systems included test
effort on three concepts: 1) asymmetric 2-D nozzles, 2) dual-flow exhaust
nozzle with suppressed core, and 3) orderly structure. Asymmetric 2-dimensional
nozzles, unsuppressed and suppressed, mounted over a simulated wing to take
advantage of both wing shielding and asymmetry effects on jet noise, were
tested during this phase of the program. The acoustic characteristics of the
over-the-wing, asymmetric nozzles, exhibited potential for high suppression
gains as illustrated in Figure 5.

A dual-flow exhaust nozzle concept was tested to evaluate the suppression
effect from aerodynamic shielding of a cold fan stream around a hot suppressed
 core. Some suppression (~4 dB) was obtained (Figure 6) with the addition of
the cold unsuppressed fan stream. However, the performance penalty due to
the increased base drag resulting from isolating the internal suppressed
core from the ambient was excessive.

A third concept which underwent investigation during this phase of the
jet noise reduction task was the "orderly structure" experiment. This was an
exploratory test to determine the effect of inhibiting plume radial growth and
its impact on reducing the generation of jet noise. Although results from

i this test did exhibit some suppression on an OASPL basis, the idealized nature
' of this work prohibited further investigations during the remainder of the
program.

An aeroacoustic parametric refinement of two Suppressor concepts based
on the results of the advanced suppressor concept studies was subsequently
conducted (see Section 3.2.5). The two advanced concepts selected were the
asymmetric and dual-flow nozzle systems. The asymmetric nozzle system under-
went further evaluation with both acoustic and wind-on performance tests of a
suppressed and unsuppressed primary with a long treated ejector. Results of
these tests showed this type of system to be capable of high suppression
with reasonable aerodynamic performance (Figure 7). Implementation of such a
system, however, requires a detailed aircraft-engine systems integration
study in order to 'more fully realize the benefits and limitations of such a
system.

-
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The Dual-Flow Exhaust Nozzle System underwent acoustic testing and aero-
dynamic evaluation during the parametric refinement phase to determine the
effect of suppressed core-to-fan area ratio variation, and non-coplanar-to-
coplanar exit plane influence on PNL suppression. Comparisons of suppression
levels obtained from the different area ratio, non-coplanar nozzles indicated
no major differences in PNL level. The area ratio of 1.5 appeared to give
a lower spectrum level than the other configurations. Differences resulting
from coplanar and non-coplanar exit planes were insignificant.

In contrast to the above suppressed core results, substantial gains in
suppression (~10 dB) have recently been observed with a high core-to-fan
area ratio, low bypass ratio, duct-burning configuration having both fan and
core streams unsuppressed. At General Electric these configurations were
recently tested under the Acoustic Tests of Duct-Burning Turbofan Jet Noise
Simulation Program (NAS3-18008) Reference 7, sponsored by NASA-Lewis.

Selection of the final suppressor configuration (see Section 3.3) which
was to be tested in both model scale and J79 engine size was made after con-
sidering four key parameters: 1) identification of the type of engine flow
system (single-flow cycle), 2) suppressor system mechanical feasibility with
appropriate aeroacoustic trades, 3) review of the suppressor systems tested
during the program, and 4) application to currently envisioned advanced
supersonic transport technology systems. From these considerations, a 32-
deep-chute annular plug suppressor system was designed for the final model
and engine demonstration phase of the program. An alternate configuration
included the addition of a treated ejector as a means of obtaining increased
suppression and static thrust augmentations.

The results of the final model (Section 3.4.1) and engine suppressor
tests (Section 3.4.2) showed the 32-deep-chute suppressor to exhibit good
static PNL suppression (12 dB at 2128-ft SL) in the 2300 to 2500 ft/sec ideal
jet velocity range with a correspondingly attractive Cfo of 0.924 at Mo = 0.36,
PTB/PO = 3.0, which results in a APNL/ACf, trade in excess of 2.1.

Comparison of the model and engine results (Section 3.4.3) indicate
exceptionally good agreement on a PNL basis (Figure 8). Directivity and
spectral comparisons show similar results. Laser velocimeter mean velocity
profile measurements of the model and engine suppressors shown in Figure 9
also indicate close agreement. These acoustic scaling analyses strongly

suggest that diameter (geometric) scaling can yield favorable trends
especially on a PNL basis. .

Sl

Related technology pertinent to a more thorough understanding of what
effects jet noise reduction is discussed in Section 3.5. A summary of a paper
by Dr. R.A. Kantola of the General Electric Company's Research and Develop-
ment Center reviews his work under this program with jet and suppressor cor-
relation measurements in which he attempted to cross-correlate in-jet
fluctuating static pressure measurements with the far-field acoustic pressures
for two typical scale model annular plug suppressors.
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Another area of study was directed toward an assessment of the far-field
acoustic signature as influenced by nozzle underexpansion, i.e., shocks.
Several rudimentary diagnostic tests were conducted in a effort to identify
the shock contribution to the total noise signature measured in the far field.
Emphasis was directed in the forward quadrant, since the shock contribution
may exert an undesirable influence during flight.

To summarize, the jet noise reduction technology on mid- to high-velocity
jets resulting from the work conducted under this program has led to the
following observations and conclusions:

() The program has provided an acoustic and aerodynamic data bank on a
number of advanced technology suppressor configurations, compli-
menting the already-extensive jet suppression data bank acquired
during the SST program.

] A number of unique suppression schemes were identified as having
potentially high suppression benefit. Among these, are the over-
the-wing asymmetric 2-D suppressed nozzle systems which appeared
attractive from an aeroacoustic standpoint, but require a more
comprehensive systems integration effort for implementation to
advanced technology aircraft.

] The multichute annular plug suppressor concept was developed into
a viable system for advanced technology application as am outgrowth
of the test results from the model and engine 32-deep-chute sup-
pressor configurations.

] Acceptable model-to-engine acoustic scaling was demonstrated from
the results of model and engine tests.

. Although some of the suppressor systems evaluated in this program
show promise of higher levels of suppression with acceptable aero-
dynamic performance, considerably more development work, complemented
by better definition of the jet noise generation mechanisms, is
required if current subsonic Federal Noise Requlations are to be
met by advanced supersonic aircraft.

° To more clearly understand in-flight effects on suppression and
their relationship with static model and large-scale suppressor test
results, the J79 engine suppressor configuration should undergo
wind-on acoustic testing.
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2.2 TURBOMACHINERY NOISE REDUCTION

As discussed earlier, both major contributors to SST engine turbomachinery
noise were investigated as part of this program; namely, turbine and compressor
noise. Turbine noise was studied using a YJ85 engine. Two approaches to
reducing turbine noise in the far field were examined.

First, the spacing between the second stage turbine nozzle and turbine
blades was increased from 0.34 to 1.0 nozzle tip chords. This resulted in an
average turbine tone PWL reduction in the far iield of 5.6 dB. Scaling studies
were performed to indicate the magnitude of turbine noise reductions to be
expected from spacing in an SST application. On a 300-foot sideline, peak
PNL's (110° inlet angle) were reduced 8.6 and 4.3 PNdB at takeoff (100% rpm)
and approach (80% rpm), respectively.

Second, a turbine noise Suppressor, one turbine exit diameter in length
with a treated splitter was tested. This is shown schematically in combina-
tion with the spaced configuration in Figure 10. Also indicated are the
important design parameters of the SDOF treatment. A nominal tuning frequency
of 16 KHz was selected in order to: (1) suppress the stage 1 noise (not directly
affected by spacing), and (2) to utilize the broadband suppression character-

Testing the YJ85 with maximum exhaust treatment thus provided an estimate of
the upper limit for turbine noise Suppression; selection of the amount of
treatment required to meet any systems goals could then be determined by
interpolation rather than extrapolation. The treatment reduced the turbine
tone second-stage power by 23.5 dB relative to the spaced configuration. Jet
noise and casing radiation created a floor in the far field for the YJ85,
particularly at take-off conditions which limited the apparent treatment
effectiveness in the far field for this vehicle. At approach, full-scale
resulte indicated a 9.1 PNdB reduction relative to the spaced configuration
in the 300-foot sideline peak PNL with the treatment. While the application
of treatment to the turbine exhaust has greater noise reduction potential
than does spacing, it carries with it a relatively greater penalty as well.

Moderate application of either spacing and/or treatment appear to be practical
approaches to turbine noise reduction.

Other results and conclusions from the turbine noise investigation are
summarized below:

° A strong dependence of the turbine noise on the turbine pPressure
ratio and/or energy extraction was suggested.

° The baseline turbine noise in the far field was a modulated tone
(Figure 11).
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° Measured turbine directivities were consistant with previously
published results (such as Smith and Bushel, Reference 8, see
Figure 12),

. Both spacing and treatment suppressed turbine noise over a broad

frequency range (Figure 13).

® Far-field turbine directivities were similar for the suppressed
and unsuppressed turbine (Figure 14).

. The spacing results are consistant with Phase I (Reference 3)

results; the curve of Figure 15 can be used for preliminary design
studies of turbine noise suppression with spacing.

. The design goal of 20 dB suppression by the treatment was met; for
the preliminary design studies, the suppression due to treatment
versus length (L/D) shown in Figure 16 may be used.

Compressor noise and suppression studies were conducted using an advanced
three-stage low pressure compressor (LPC) considered representative of the
first compression unit in future SST engines. The design pressure ratio was
4.1 at a Rotor 1 tip speed of 1534 ft/sec. The 26.3-inch-diameter compressor

had inlet guide vanes (IGV's) with variable trailing edge flaps, and all three
stator sets were variable,

The characteristics of the basic compressor noise were studied as well
as two different suppression concepts namely, a "hybrid" inlet and high Mach
number IGV's. The hybrid inlet concept is based on a combination of suppres-
sion from a moderate amount of airflow acceleration suppression and wall
acoustic treatment, and thus avoids the performance penalties associated with
hard choking the inlet., The test vehicle was particularly suited to the high
Mach number IGV suppression technique, because of the variable flap IGV's
which could be closed to reduce flow area in the passage. At take-off
conditions, the effect of auxiliary blow-in-door (BID) inlets, a necessary
part of any SST inlet system, were investigated. An attempt was made in the
design to suppress the noise leakage through the doors with airflow accelera-
tion. Inlet and fan aerodynamic performance also was measured to determine

the penalties of the various suppression techniques. Figure 17 provides a
summary of the test configurations.

The hybrid inlet had a basic design quite similar to the SST/GE4 inlet,
but had a bellmouth forebody to simulate low-speed-flight inflow conditions
during the static tests. It was basically a model of a mixed-compression,
axisymmetric translating centerbody inlet designed for M = 2.5 cruise. The
centerbody was adjustable to two positions (takeoff and gpproach) using a
spool piece inserted just forward of the six inlet frame struts. Four dif-
ferent segments of wall acoustic treatment were used in order to suppress a
wide range of frequencies. Approximately half the treatment was located
between the blow-in door and the compressor to provide some treatment suppres-
sion to noise which might be leaked through the doors. The treatment panels

were replaceable with hardwall Panels so that acoustic treatment suppression
could be isolated.
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Baseline hardwall cylindrical inlet (Inlet No, 2)
Accelerating inlet with approach centerbody position (Inlet No, 1)
Hybrid inlet with approach centerbody position (Inlet No, 1)

Accelerating inlet with take~off centerbody position; BID closed
(Inlet No, 1)

Hybrid inlet with take-off centerbody position; BID cloged (Inlet No. 1)

Hybrid inlet with take-off centerbody position; BID nominal
(Inlet No, 1)

Hybrid inlet with take-of f centerbody position; BID 114% nominal
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(Inlet No, 1)

High Mach IGV test (Inlet No. 2)

Note: Accelerating inlet implies hardwall
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Figure 17, Description of Compressor Test Configurations,
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A baseline cylindrical inlet was also tested to evaluate the basic source
noise characteristics of the compressor, to isolate the acceleration suppres-
sion, and to perform the High-Mach-Number IGV test.

The unsuppressed perceived noise level, PNL, of the ccmpressor was found
to be dominated at all speeds by either the Rotor 1 blade passing frequency
(BPF) or its second harmonic. This is shown in Figure 18 which compares the
full-scale (1045-1bm/sec engine) PNL and BPF sound pressure level versus speed
trends. The 1/3-octave dominance of the BPF noise at all speeds is attributed
primarily to the existance of the IGV's and the close spacing of all the
compressor components. The IGV's not only have the effect of generating
some pure tone noise but also delay the onset of multiple pure tones (MPT's)
at high speed and limit their strength. On a 200-foot sideline, the unsup-
pressed PNL was observed to peak at a 40° inlet angle at all speeds.

The performance of the accelerating and hybrid inlet in the approach
mode is summarized in Figure 19. 1In Part A, the full-scale PNL at a 200-foot
sideline is plotted versus Rotor 1 tip speed. Superimposed is the one-
dimensional average throat Mach number (based on throat corrected airflow
and physical area) Mgh, of the accelerating and hybrid inlets. At low speed,
prior to the onset of acceleration suppression, there was a reduction of 3
to 4 PNdB due to inlet configuration differences between the baseline and the
acceleration inlets. An additional reduction of 2-4 PNdB was provided by
the wall treatment. The high throat Mach number design operating condition
was selected based on the inlet performance shown in Part B of Figure 19.
Thus, a throat Mach number of 0.78 was selected so as to avoid any significant
performance penalty associated with the hybrid inlet suppression technique.
At this Mach number, the hybrid inlet provided 11.5 PNdB suppression in
maximum perceived noise relative to the baseline cylindrical hardwall inlet.
Of this, 4 PNdB were due to the wall acoustic treatment.

The performance of the accelerating and hybrid inlets in the take-off
mode is summarized in Figure 20. 1In Part A, the measured maximum PNL is
compared to the baseline with the blow-in-doors closed. At the selected
design operating condition, which again was based on inlet performance, the
PNL reduction was 15.5 PNdB. Of this, only 0.5 PNdB was due to the treatment.
With regard to inlet performance, it should be noted that, both for takeoff
and approach, there was no penalty associated with the wall acoustic treatment,
as determined by no difference in pressure recovery between the hardwall and
treated inlets.

The effect of the blow-in doors on acoustic and inlet aerodynamic perfor-
mance in summarized in Figure 21. The blow-in doors were tested with the
hybrid inlet only. At low speed and low Mth, there was no noise level increase
attributed to leakage through the doors. Thus, the wall treatment between
the compressor and doors was fairly successful in limiting the noise leakage.
With the doors open, the compressor could operate to higher tip speeds before
high throat Mach numbers were generated in the primary inlet. This is, of
course, the purpose of the doors, which provided a much more realistic com-
pressor speed/flow operating condition for takeoff than did the doors-closed |
configuration. The M¢h of the primary inlet is superimposed on the abscissa
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Figure 18, Character of Unsuppressed Compressor Noise,
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in Part A of Figure 21 for the nominal BID position. It is seen that, for the
most part, the maximum PNL was about the same regardless of BID position,
although the 81% nominal position tended to produce somewhat lower values.
This was not the design intent, and, in fact, the 81% position was the only
one which operated according to prediction. More specifically, the blow-in
doors were designed aerodynamically to produce different levels of passage
Mach numbers relative to the primary inlet, as shown in Part A of Figure 22,
This was intended to define both the leakage and suppression obtainable as a
function of BID passage Mach number. However, the doors actually operated as
shown in Part B of Figure 22. That is, they all produced about the same
average passage throat Mach number for a given primary inlet throat Mach
number, with the 81% position performing about as designed. The failure of
the doors to operate as expected is suspected of being associated with poor
flow quality caused primarily by the sharp side-plate corners. With the
exception of the side plates, the BID flowpath entrance was rounded to the
extent practical to provide good performance during static testing. Part B of
Figure 21 shows that overall inlet performance was poorer with the doors open
when compared on the basis of primary inlet throat Mach number, with the 81%
position providing somewhat better recovery than the other two. Despite the
fact that the door passage throat never attained high Mach numbers, noise
levels on the order of 15 PNdB lower than the baseline were measured at high
primary throat Mach numbers, as indicated in Figure 21 A. These lower levels
were probably due to the large impedance change across the blow-in doors and
the acoustic treatment between the flow-in doors and the IGV's. Surprisingly,
no major change in the directional characteristics of the compressor noise
was measured as a result of opening the doors. 1In summary, opening the blow-
in doors did not result in a significant noise increase at the simulated
take-off operating condition., Further investigations are recommended to
improve upon blow-in-door design for static testing, so that the initial
objectives of providing airflow acceleration suppression through the doors
may be realized, and additional noise reductions relative to the baseline

may be obtained.

High Mach Number IGV tests were run with the cylindrical baseline inlet
at two compressor speeds (92.5 and 100% Nv6). These speeds were selected to
provide enough airflow so that high Mach numbers could be generated in the
IGV passage within the area variation made possible with the remotely variable
trailing edge IGV flaps. Prior to testing, significant flow rollback of the
compressor was expected due to the off-design operation associated with closing
the IGV flaps to reduce Passage throat area. The results, in terms of both
acoustic and fan aerodynamic performance, are summarized in Figure 23, The
IGV passage throat Mach number superimposed on the abscissa is the average
one-dimensional value estimated from fairly detailed calculations of passage
physical area as a function of flap angle. There is a general trend of noise
reduction with flap angle (increased Mach number) as shown in Part A of Figure
25. Total reductions between the nominal and fully closed flap setting were
9.0 and 5.5 PNdB in PNLMax.» for the 92,5 and 100% N/v6 speed conditions,
respectively. Associated with increasing the flap angle beyond the nominal
fan operating value was a critical loss in fan performance, as seen in Parts
B and C of Figure 23. The trend witnessed in the loss of pressure ratio and
airflow was akin to deceleration along the nominal fan operating line. These
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performance losses render impractical the high Mach number IGV technique
for noise suppression in any operating condition requiring high thrust.

Application of the technique to the approach operating condition might be
possible.

In summary, the hybrid inlet approach to compressor noise reduction was
shown to be a practical noise suppression device at all noise monitoring
conditions. Large suppressions were obtained with minimum system penalty by
making use of the variable geometry inherent in an SST engine inlet/nozzle
system. Even with auxiliary inlets open, which provided a potential noise
leakage path, significant noise reductions below the unsuppressed baseline
were obtained for the take-off operating condition. The isolation of turbine
noise in a J85 engine was demonstrated, and two practical approaches (spacing
and treatment) to the suppression of turbine noise were demonstrated. The
turbomachinery acoustic technology developed in this program will be useful in

the development of any future SST engine, as well as other types of axial flow
turbomachinery.

1
4
¥
41 e
4
p
‘Q
~
e g - e i R antenid v




2.3 AIRCRAFT/ENGINE INTEGRATION AND SYSTEM EVALUATION

An overall SST system noise evaluation was performed on a representative
aircraft/engine configuration. System EPNL calculations were performed at
each of the noise monitoring points according to the current FAR Part 36
regulation for subsonic transport aircraft. In addition, PNL and EPNL con-
tributions made by each major engine component (jet, turbine, combustor and
compressor) were evaluated at these conditions. Footprint areas of 90 EPNdB
contours were calculated for the suppressed SST and compared to an unsuppressed
subsonic transport with four low bypass turbofan engines. Some practical
aspects of applying component noise suppression to the SST system were
addressed. The results of this study indicate that a suppressed SST system
as defined by the systems integration work has the potential for meeting the
current FAR-36 noise requirements; although additional work would be necessary
before the actual levels could be achieved.

The SST system model used consisted of an airplane with an arrow wing
and tail and four low bypass (£=0.43) turbojet engines mounted under the wing
in axisymmetric nacelles. The projected takeoff gross weight of the aircraft
was on the order of 900,000 pounds and could carry 292 passengers slightly in
excess of 3400 nautical miles in an all supersonic cruise mission. The engine
design airflow was 1045 lb/sec with a takeoff thrust cf 61,400 pounds per
engine. The engine was selected based on the results of a preliminary design
study (Reference 4) which showed a low bypass turbojet to be one of the two
most practical conventional type SST engines.

The method used in evaluating the system ncise employed for the most part
static acoustic data from the component tests conducted during the program.
Conical (unsuppressed) and 32 chute suppressor jet noise data were utilized.
Turbine noise reduction was obtained by increasing the second stage spacing.
The YJ85 turbine tests were used to define the turbine noise reduction.
Unsuppressed three stage low pressure compressor spacing and hybrid inlet
data were employed for the compressor noise model. An estimate of the unsup-
pressed combustor noise was made from core engine estimates on turbofans which
were tempered by some available data on a JT8D engine (Reference 64). These
test results were used in a flyover noise prediction computer program which
applied extra ground attenuation corrections, Doppler shift, noise scaling,
distance extrapolations and General Flectric's current understanding of jet
relative velocity effects. No inlet flight effect corrections were applied.

As shown below, the estimated SST system noise exceeded the current FAR36
regulation level (for subsonic transports) by 1.1 EPNdB after employing the
trading criteria. (Note that design tolerances must be considered when evalu-
ating the results.)

Current Suppressed

Traded Traded
FAR36 SST System FAR36 AEPNL
Sideline 108 111.1 109.1 + 1.1
Community (Cutback) 108 107.8
Approach 108 106.5
42
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As expected, the j2t noise dominated the system noise at the sideline (see
Figure 24) and community (Figure 25) conditions. At approach (Figure 26),

the jet suppressor was assumed stowed. The combustor was unsuppressed for

all conditions. 1In the approach operating condition, the compressor noise
dominated the unsuppressed system noise. lowever, when the turbomachinery
noise was suppressed, significant contributions to system noise were made by
all components, with the suppressed turbine making the least contribution. This
indicated that obtaining further system noise reductions at the approach con-
dition would be a complicated problem, requiring additional suppression on each
of the major components.

The feasibility and practicality of the component noise suppression methods
studied in this program and applied to the SST system were addressed. The 32
chute jet suppressor in combination with a translating shroud/annular plug
nozzle was determined to be particularly attractive for SST engines. The plug
assembly provides a convenient space for housing a retractable (32 chute) jet
suppressor. The 32 chute suppressor used exhibited a good trade between PNL
suppression and thrust loss, resulting in a design point APNL/ACfg of greater
than 2.1 to 1.0 (assuming no change in suppression due to flight effects).

The hybrid inlet used for compressor noise suppression is also well suited

for an SST application, in that it makes effective use of the variable geometry
(inlet and nozzle) inherent in the system. Suppressions large enough to cause
the suppressed turbine noise to emerge as dominant at approach were obtained
with the hybrid inlet, while maintaining inlet pressure recovery at about 0.98
and steady state distortion levels at about 6.0 to 8.0% (PTmax - PTmin) /PTavg.
This was with a bellmouth inlet designed to simulate flight inflow conditions
during static testing. Turbine second stage increased spacing (from 0.34 to
1.0 chord) was used to provide moderate amounts of turbine suppression, par-
ticularly on the tone. Such a spacing increase would result in a minimum
penalty to an SST system. Greater suppression could have been obtained with
turbine exhaust treatment, with a corresponding higher system penalty. This
did not appear warranted, however, since the other components were making an
equal or greater contribution to the system noise.

Ninety EPNdB contours were calculated for the suppressed SST engine and
the enclosed area compared to that of typical unsuppressed narrow-bodied sub-
sonic tramsports with four turbojet engines. At approach, the SST area was
estimated to be about half that of the narrow-bodied transport, but was about
36% greater at the takeoff condition without cutback (see Fipure 27). With
cutback, the suppressed SST sideline noise area was about the same as the
unsuppressed aircraft, suggesting a realistic takeoff operation over water
where the large area along the flight path might have little influence on the
surrounding populace.

The component acoustic technology developed in thig program showed signif-~
icant gains in terms of noise level and footprint area for a representative SST
system emnloying viable suppression devices. The system has shown the potential
for meeting the current FAR-3% noise requirements, although it is apparent that
additional research and develipment is required to meet the present noise
goals jet noise at the takeoff (sideline) condition is the most critical problem,
but jet noise at the community (cutback) point and turbomachinery noise at
approach are high enough to warrant continued attention. The combustor is
also a source of concern, especially at approach.
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3.0 JET NOISE REDUCTION TECHNOLOGY

3.1 INTRODUCTION

3 5{100e Background

The Jet Noise Reduction Technology effort conducted in this program
is intended to provide basic aeroacoustic data for application to a range
of possible advanced engine systems with prime emphases on high-flow turbo-
jets, and to investigate new suppressicn concepts, identifying those that
showed high potential for more detailed evaluation. The work in the Jet
Noise Reduction Phase was carried out through a series of scale model and
engine tests which were preceded by aeroacoustic design studies. The selec-
tion of the most promising suppressor concept was made based on the results
obtained during the overall system trade studies. Model scale and large
scale engine demonstrations were conducted, and the overall system was
evaluated in the aircraft systems integration phase of the program (see
Section 5.0).

3.1.2 Approach

The Jet Noise Reduction Technolcgy effort was, in part, a continuation of
the Jet Noise Suppression work conducted under the original SST program.
During that time (1966-1970), General Electric had conducted a multitude of
suppressor investigations and acoustic and aerodynamic tests on a variety
of suppressor concepts including multielement suppressors with and without
secondary ejector systems. This extensive background, as reported in Reference
1, provided a wealth of information which aided in the selection and evalua-
tion of new suppressor systems. Toward the closing days of the SST contract,
annular plug nozzle systems appeared to provide a viable means of implement-
ing the multielement (spoke/chute) suppressor systems by stowing them in the
translating plug while providing attractive aerodynamic performance during the
subsonic and supersonic legs of the mission. In addition, the attractiveness
of the relatively simple multispoke/chute annular plug suppressor system
was also apparent from an acoustic standpoint, since moderately high PNL
suppression levels (v 13 dB) had been demonstrated,

The multielement concept achieves suppression by segmenting the high
velocity jet into a number of smaller jets, thus shortening the length of the
jet's potential core. Turbulent mixing of entrained ambient air (down the
back of the spokes and chutes) with the elementized primary flow tends to
reduce the overall jet velocity and reduce the noise. The chute (ventilated
spoke) is an aerodynamic improvement of the solid-element spckes, in that the
backside of the chute forms a channel for air entrainment.'

This system was subsequently identified for development in this program,
since it showed the greatest potential for meeting the FAR Part 36 noise
requirements. Multitube nozzles also were selected for continued development
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since the tube cluster nozzles had previously de onstrated high suppression
levels. The development effort in this program had as its principle objective,
the extension of multitube technology and perfc-—:ance to annular plug nozzle
types while still maintaining high suppression =. improving aerodynamic
performance.

New concepts in jet suppression also were studied to identify advanced
| suppressor systems for possible SST application. Injector tests with several
l different suppressor systems provided additional background in hardwall and
| acoustically treated ejector effects.

Model and engine tests of the final suppressor configuration, determined
from overall considerations of the aircraft/engine system, provided the 4
basis for model-to-engine size scaling comparisons of a practical suppressor

design.,
Figure 28 illustrates the approach followed in the jet noize reduction

technology effort to carry out the program objectives,

3.2 MODEL SUPPRESSOR AEROACOUSTIC TESTS

3.2.1 Scope and Data Presentation

The jet suppressors tested in this program are categorized by type and

l major investigative effort (as shown in Figure 28), Only the studies and

tests prior to the selection of the final suppressor configuration are included
in Section 3,2, The final configuration selection is described in Section 3.3,
while subsequent tests of the final configuration are described in Section 3.4,

The categories in Section 3.2 include;

Multispoke/Chute Suppressors (3.2.2)

PR S T T SR S

The continued development and refinements to the multielement
(spoke/chute) suppressor system are discussed. This section
includes aeroacoustic test results of:

° 40-spoke and 40-chute suppressors
° 36~chute suppressor with and without ejectors
° Comparisons of 32-, 36-, and 40-chute suppressors

Multitube/Annular Plug Suppressors (3.2,3)

The implementation of multitube suppressors to annular plug
nozzle systems is discussed. Included are aeroacoustic test
results of:

R s U ammila v S i
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. 72-tube and 66-tube suppressors on annular plug nozzles
) 66-tube with ejector

Advanced Concepts (3.2.4)

The search for advanced or novel exhaust nozzle concepts which

had potential for high suppression is discussed. Presented
are the preliminary evaluations of:

° Asymmetric 2-D nozzle systems
° Dual-flow exhaust nozzles
° The orderly structure experiment

Parametric Refinements (3.2.5)

The selection and refinements of two suppressor systems which
had potential for high suppression are discussed, Included
are the final evaluations of:

° Dual-flow exhaust nozzles

° Asymmetric 2-D nozzles

The acoustic data are presented as full-scale in size and frequency range

except where noted (i.e., near-field measurements are presented as measured,

model data; the orderly structure test results in Section 3.2.4 are model
scale results).

Acoustic results are presented in the form of tabulations and plots of
normalized peak perceived noise level (PNL), measured in PNdB, around an
arc and at specific sideline distances. Tabulation summaries of the acoustic
results are included in a separate appendix (Appendix C), The model data,
taken on a 40-ft arc, were scaled by a factor of 8:1 (10:1 for suppressed
2-D in Section 3.2.5) to obtain full-scale data on a 320-ft arc with sideline
extrapolations to 300, 1500, and 2128 feet, PNL suppression comparisons
at 300-, 1500- and 2128-foot sidelines (relative to a baseline conical nozzle
or other baseline reference configuration), are included. Frequency spectra
and PNL directivity at selected increments of velocity also are included for
many of the nozzle categories, The normalization factor, 10 log PA, was used
to adjust for small changes in the physical model areas which are reflected
in the full-size area when scaled by a common scale factor, In no case is it

intended to be used as a means of normalizing scale model with large scale
engine test results,
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No free-field corrections were made on the acoustic data of Section 3,2
| taken on the JENOTS facility. The final model and engine data found in
Section 3.4.3 are corrected for free-field per the method described in
Reference 3.

; The test conditions specified for the majority of the jet suppressor
configurations were based on a simulated operating line for the GE4 supersonic
transport engine over an ideal jet velocity range from 1000 to 3150 ft/sec
which is representative of typical AST cycle studies.

Selected laser velocimeter measurements of the jet plume were taken
on several of the suppressor configurations to assist in pinpointing some
of the more critical aerodynamic flow characteristics which would influence
the far-field acoustic data (e.g., point of element coalescense, maximum
turbulence intensity regions, etc., as the geometry was varied). The results
are presented as radial and axial distributions of mean and turbulent
velocities.

Aerodynamic static performance and wind tunnel tests were conducted on
the majority of the suppressor configurations tested to determine static
and installed gross thrust coefficients, respectively. Base pressure
measurements also were obtained with most suppressor configurations which
are presented as base pressure radial profiles and base drag coefficients.

3.2.2 Multispoke/Chute Suppressors on Annular Plug Nozzles

3.2.2,1 40-Spoke and 40-Chute/Annular Plug Suppressors

Preliminary Review of Aeroacoustic Data

During the SST program (FA-S5-67-7), the spoke/chute jet noise suppressor
system was developed through a series of scale model tests and several J85
engine suppressor tests. These suppressors were integrated with a cylindrical

translating shroud plug nozzle applied to a high flow, nonaugmented at takeoff
engine cycle.

Parallel acoustic and aerodynamic test programs evaluated variable
geometric parameters of element number, area ratio, element planform, ,
insertion angle relative to the gas stream, and solid spoke versus ventilated !
chute. The program made available the initial test data and minimal
analysis before the SST program was terminated.

The spoke/chute jet noise suppressor concept, when applied to the high
airflow J6H2 engine cycle, showed the GE4/SST system capable of meeting the
FAR Part 36 noise regulation within an acceptable thrust penalty. Therefore,
the system was considered for further development and refinement during
this program. The data obtained during the SST program were analyzed more
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thoroughly, and correlations were made in a fashion suitable for use in
aeroacoustic predictions.

From this analysis, major geometric parameters influencing both acoustic
and aerodynamic performance were identified. A series of new models was
defined for study, incorporatiug the favorable asroacoustic trade mechanisms
identified in the data analysis. Aerodynamic and acoustic performance
estimates were made for the suppressors.

Spoke/Chute Acoustic Data Review

Figures 29 through 33 show schematically the spoke/chute model designs
tested during the original program, the acoustic suppression performance, and
the aerodynamic wind tunnel measurements. Details of the tests and results
can be found in the DOT/FAA Phase I Final Report (Reference 1), The acoustic
performance is in terms of 2128-foot (0.35 n mi) sideline delta Perceived
Noise Level (APNL) relative to a conical convergent nozzle baseline,

Figure 29 is for spoke nozzle area ratio variation, defined as total
annulus area divided by flow area. Figure 30 is for element number variations;
models tested with 24, 32, 48, and 64 elements acoustically and at 24, 32, and
48 elements aerodynamically. Figure 31 is for cant angle variation; that is,
the angle of spoke penetration within the gas stream. Three positions were
used, namely, inclining the spoke exit such that the flow was directed down
the 10° half angle plug (-10° position), parallel to the nozzle centerline
(90° position), and away from the Plug (+10° position), Figure 32 shows solid
spoke versus ventilated chute, indicating that the entrained secondary flow
through the chutes was only slightly beneficial acoustically, but improved
aerodynamic performance substantially due to higher base pressure and corres-
ponding lower base drag. Figure 33 shows the effect of spoke planform,
parallel spokes versus tapered spokes, The parallel-sided spokes directed
the major portion of flow through the outer annulus region and had better
acoustic performance but with an accompanying high thrust decrement. Reviewing
Figures 29, 30, and 33, a major parameter influencing acoustic design is the
apportionment of flow with radial location within the annulus. Thus, the
individual increments of increased suppression resulting from each geometry
change, as seen in Figures 29 through 33, cannot be lumped for future model
predictions without consideration of flow distribution. These data sub-
sequently were reviewed from a suppression/performance tradeoff point of view
to assist in the selection of new suppressor nozzles. Although spoke nozzles
exhibited fairly high suppression, their suppression/performance character-
istics were poor. The long chute configuration, however, did yield suppres-~
sions in the order of 11-13 PNdB with corresponding suppression/performance
leveis greater than one to one.

Based on these data, the design point of the new nozzles was chosen as

P 8/P = 3.0, V, = 2500 ft/sec with the goal of achieving higher suppression
tgan 8revious1yjdemonstrated with more favorable aerodynamic/acoustic trade.
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Spoke/Chute Aerodynamic Data Review

The experimental data used in the investigation of the spoke and chute
aerodynamic nozzle losses also were accumulated during the last scale-model
nozzle aerodynamic test program under the SST program. In this experimental
program, nine spoke and three chute configuratirns were tested both
statically and in a wind tunnel with an external flow Mach number of 0.36,

Table 3 summarizes the gross geometric throat parameters for these 12
configurations.

The first nine models listed in the table (Configurations 1 through 10,

excluding number 6) are identical in geometry to the acoustic models discussed
in the acoustic data review.

The losses incurred from the insertion of spokes or chutes at the nozzle
throat are significant. For both the static, M = 0, and the wind tunnel
conditions, M = 0.36, each configuration's spoke or chute base pressure drag
was calculated at a nozzle pressure ratio of 3.0. The conditions, M = 0,36
and Prg/P, = 3.0, simulate the take-off cycle of the J6H2 nonaugmented engine.
In Table 4, each configuration's thrust loss resulting from the pressure drag
on the spokes or chutes is compared with the sum of all its other losses.

For the spoke models (Configurations 1 through 9 and 22), the spoke thrust
loss, at best, is equivalent to the sum of all the other nozzle losses and, at
worst, is as much as nine times greater than the sum of all other losses. For
the chute models analyzed (Configurations 20 and 21), the chute losses were of
the same order, or smaller, than the sum of all the other nozzle losses.

Once the magnitude and, consequently, the importance of the spoke/chute
base pressure drags had been established, a correlation method was needed to
allow the losses resulting from a spoke or chute geometry to he predicted.
After careful examination of the spoke pressure distributions, a general
cause-and-effect relationship was noted. The spoke losses follow, in general,
the flow area distributions. The configuration with the greatest flow area
near the plug has the smallest thrust loss due to spoke drag; and, conversely,
the model with the least flow area near the plug has the highest spoke thrust
loss. The most successful correlating parameter of the many investigated
was the ratio of the flow width between two spokes at the plug to the flow
width between two spokes at the shroud, WFB/WFT. This parameter represents,
to some extent, the flow area distribution effect which was noted. This
flow width ratio was plotted against the nondimensional, average spoke
pressure for a Prg/P, = 3.0 in Figure 34 at both Mach numbers. The trends
indicated by this plot tend to confirm the earlier flow area distribution
findings and were used as the basis for future model aerodynamic predictions.

The aforementioned correlation of spoke element losses as a function
of flow width ratio was extended to the chute models and to nozzle pressure
ratios of 2.0, 2.5, and 3.5. The static and wind tunnel correlations of the
spoke losses are presented in Figures 35 and 36, respectively. The static and
wind tunnel chute pressure losses are correlated in Figures 37 and 38, respec-
tively. The difference in values of Figures 35 through 38 are twofold. First,
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Table 4, Spoke/Chute Nozzles -~ A Comparison of
the Nozzle Thrust Losses at PTB/Po =

3.0,
1 M=0 M= 0.36
Thrust Losses Thrust Losses
{ Spoke Loss| Other | Spoke Loss| Other
Config. No, % % % %
1 7.89 2,56 11.86 2.75
2 2,42 2,45 6.40 4,68
3 19.14 1,55 20,08 %-71
\ 4 4,04 3.01 8,07 4,63
5 9,42 3.16 12,20 5,00
7 15.80 4,98 16.54 6.22
8 6.86 3.10 12,22 5,60
9 6.12 3.04 6.68 3.80
10 -_— - No Analysis Made
20 1,00 2,05 3.10 2,82 &
21 0.35 2,04 1,64 3.19
]
22 3.69 871 4,26 4,07
L
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the derivative of the pressure loss as a function of the flow width ratio
can be determined from these plots. This derivative is indicative of the
sensitivity of the pressure loss as a function of the flow width parameter,
Second, it is possible to calculate the absolute magnitude of the thrust

loss per spoke (chute) for a given spoke geometry and, consequently, the

total spoke base thrust loss, as follows:

| AC =
| fg
ACfg =
|
where:
Nopoke -
Chg -
Ag -
Prg ¥
Fip -
Po-Pb
| P+ Nopoke
Desiggﬁof

AreaSP (Po -Pb) dAb

(MovIDEAL)
% Total * Mspoke Na T
Fip Prg G - A Po * Nspoke
P Age P, g * Ag

Total Projected Spoke (Chute) Area
Number of Spokes (Chutes)

Throat Discharge Coefficient
Geometric Throat Area

Throat Total Pressure

Ideal Thrust

Correlated Spoke (Chute) Element
Pressure Loss

the 40-Spoke/Annular Plug Suppressor

For the first phase of the spoke/chute system refinement activity, two
new models were designed and fabricated for aerodynamic, acoustic, and laser

velocimeter testing.
(Cp) spoke design.

The first configuration was a low discharge coefficient
The concept was based on the assumption that aerodynamic

blockage is as effective in noise reduction as physical blockage, allowing
for better aerodynamic performance through a reduced physical base area. The
reduced physical base area would provide less base drag than the conventional
high CD spoke design and would also reduce suppressor weight,
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A schematic of the concept, compared to a high Cp spoke configuration,
and corresponding aerodynamic data are shown in Figure 39. The high Cp
configuration has greater thrust loss than the low Cp model due to additional
base drag with the greater physical blockage.

The suppressor was designed with 40 elements slanted 15° aft with
respect to the normal to the nozzle centerline. The elements were designed
as sharp-cornered flat plates to provide the low C.. The nozzle effective

D
area ratio of 2.0 was chosen, defined as:

ARd gp = (Ag + A)/A o

where:
A8 = Physical flow area
= Physical blocked area
Ae8 = Effective flow area

The high element number, 15° aft slant, and near-parallel spoke planform
were chosen for their beneficial acoustic characteristics. In addition to
the lower base area for beneficial aerodynamic performance, the deploved
suppressor could be positioned axially in a region of low projected plug
area to reduce overexpansion losses on the plug surface,

The photograph of the low Cp acoustic model hardware is shown in
Figure 40. The aerodynamic models were similar except with clean external
flowpaths. The acoustic models were built to withstand high test temperatures,
with water-cooled centerbody and adapter jackets and with bulk external
flanges and externally mounted instrumentation.

The low Cp spoke configuration had 40 elements of rectangular cross
secticn at its throat., The cross-sectionrl shape of the low Cp spoke was
determined after aerodynamic and stress studles were performed. The element
was required to withstand high gas loading at the elevated test temperatures
in the acoustic model and to have the same low Cp in both the aerodynamic and
the acoustic models, The acoustic model's spokes are made of Hastelloy X.

The discharge coefficient of the low Cp spoke model would not be radially
constant in the flow channel between spokes. The discharge coefficients
in the regions of the smooth plug and shroud would be greater than the
discharge coefficient between the sharp-cornered spokes. The average Cp was
estinated at 0,80,

Design of the 40-Chyte/Annular Plug Suppressor Model

The second model was a refined chute suppressor, chosen at an area ratio
of 2,0 and with 40 elements. The chutes had a double exit cant of * 15° from
the normal to the nozzle centerline. The design intent was to allow the flow
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stic performance. The deep-chute Cross section

én to improve ventilation and decrease
base drag. A near-parallel-sided, chute exit plane planform was chosen for
|

better acoustic suppression, and was not anticipated to be aerodynamically
detrimental when incorporated within a deep-chute design. A photograph of the
final hardware is shown in Figure 41, The photograph shows the details of

the deep chutes, made of Hastelloy X, with support pins for strength during
hot acoustic tests,

Preliminary Aeroacoustic Performance Estimates

Utilizing the results of the available spoke/chute Suppressor data and
the previously discussed aerodynami c correlation, thrust loss for the
Suppressors was anticipated to be of the order of 127% and 97, respectively,
for the spoke and chute/plug configurations (relative to an unsuppressed plug

3.0). Using the acoustic
ough 33, 2128-foot sideline,
mated would be better than

The sources of the thrust loss of the spoke/chute configurations are:

(1) spoke or chute base pressure drag, (2) flow angularity, (3) friction,
and (4) expansion. The spoke or chute base Pressure losses were calculated

from the empirical, spoke/chute base pressure drag correlation pPresented

previously. The angularity, triction, and expansion losses are determined
from experimental, unsuppressed plug results.

Acoustic Tests

| The initial phase of the 40-spoke/chute annul

series also included tests with the 5.7-
nozzle. The suppressor nozzles were 1/8
design, being equivalent to 6-inch-D8 nozzles in flow area,

Far-field acoustic data measurements were taken on the JENOTS facility

(see Appendix A) while operating the nozzles through exhaust cycle conditions
to (a) simulate a smooth operating line of a GE4~J6H2 engine from 1300 through
3000 ft/sec ideal jet exhaust velocity, and (b) traverse a matrix of Pyqg/P

o
of 2.0, 2.5, 3.0, and 3.5 and a T18 of 1400° to 2000° R to investigate tem~
perature dependence at constant pressure on suppression.

In addition to the standard microphone setup (15.93 feet high), described
in Appendix A, microphones were also located at 55 inches above the ground
plane (nozzle centerline height) at 105°, LES™, T25°.
inlet axis for measurements during the baseline
JFigure 42), These measuremen
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Sangamo tape recorder (Appendix A). The acoustic data were corrected to
standard conditions and scaled by a factor of 8:1 to engine size, using the
technique described in Appendix B, The analysis of the data from this series

of tests established: (a) continuity of data from the microphones at 15.93-foot
height with Previous data at the 55-inch-microphone height, and (b) the acoustic
suppression levels of the 40-spoke and 40-chute nozzles,

A typical comparison of data taken at the 150° position relative to the
inlet axis 1s shown in Figure 44. The two spectra were from the microphones
located at 55 inches and 15,93 feet above the ground plane. The shift in

diameter (5.7-inch-D8 for the baseline and approximately 6.0-inch-D3 for the

chute and spoke), all acoustic data were scaled by a factor of 8:1. The

40-foot model measuring arc, therefore, was quivalent to an engine reference

arc of 320 feet, The model frequency range of 400 Hz through 40 KHz wag

scaled to an equivalent engine frequency range of 50 Hz through 5 KHz, (For

subsequent acoustic tests, measurements were taken up to 80 KiHgz as more

sophisticated recording equipment was made available,) From the reference

arc of 320 feet, data were extrapolated in one-third octave band form to 300-,

1500-, and 2128-foot (0.35-nautica1—mile) sidelines using spherical divergence

and 59° F, 70% relative humidity, standard day atmospheric absorption.

Summary tables of the test conditiong are contained in Appendix C.
Figure 45 presents the 2128-foot sideline PNL directivity patterns for

the conical btaseline nozzle, 40-chute and 40-spoke nozzles, respectively,

Sharp changes in the directivity patterns are observed for the suppressed

configurations referenced to the baseline nozzle, Particularly at the loyw

exhaust velocity conditions. For the high velocity baseline nozzle test points,

Figure 45a, the spikes seen at the exhaust and the inlet angles were attri-
buted to shock noise.
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and the high frequency individual immerged jet spectra contributions are
discernible. The suppressed jet spectra differ drastically in shape from the
unsuppressed jet due to the two source contributions, and typify spectra of
previously tested multielement suppressed jets. The suppressed jet spectra
shapes change gradually as jet velocity increases, and (at high jet veloclity)

A match the unsuppressed jet spectra shape which is indicative of the merged
(coalesced) jet's noise dominance.

PNL suppression performance of the chute and spoke configurations
referenced to the baseline nozzle are presented in Figures 47a and 47b,
respectively. The plots are composites of:

° PNL suppression on the 32-foot arc and at the 300-, 1500-, and
2128-foot sidelines; all data are scaled by the scale factor of
8:1. These data show the dependency of PNL suppression on
distaace of extrapolation,

° PNL suppression of the unscaled measurements on the model
40-foot arc to show the PNL suppression dependency on acoustic
scale factor/technique.

Observations from Figure 47 show that peak PNL suppression values of 16.8
and 13.1 were obtained for the chute and spoke nozzles, respectively, for the
unscaled measurements on the model 40-foot arc. Scaling the data to engine
size, frequency, and location, lowered the peak suppressions to 13.3 and 11.4
dB, respectively, on the 320-foot arc. Additional lowering of peak suppres-—
sions, and shifting of suppression patterns with Jjet velocity, are seen as
the data are extrapolased to the 300-foot sideline from the 320-foot arc.

PNL suppression levels generally tend to increase as extrapolation distance

was increased from the 300-foot sideline to the 1500- and 2128-foot sidelines.

This is due to the high frequency spectra attenuation with distance and the i
relative shift of PNL dominance of that high frequency spectra content between

the baseline and suppressed configurations.

In addition to acoustic data, the JENOTS tests produced base pressure
measurements from the static taps mounted on the base of the suppressor
elements of the spoke and chute nozzles, respectively. This instrumentation
was added to the acoustic model to ensure continuity of aerodynamic performance
between the aerodynamic model tests in the NASA-~Lewis 8' x 6' wind tunnel
and the outdoor acoustic tests at the JENOTS facility. Typical results are
shown in Figure 48 for the spoke nozzle and Figure 49 for the chute nozzle, .
in the form of Ppgge/P, ratio as a function of tap radial location. 1

As a diagnostic test to aid in establishing the flow vectoring of the i
40-chute nozzle, a flow visualization check was also rerformed on the JENOTS
rig. Using a sheet metal baffle between two chutes, centrally located within
the jet flow sector, lampblack dots were applied. mbient temperature gas
flow was used at several nozzle pressure ratio se’cings, the plate being’
photographed at each test condition. Typical patterns resulting from the .
test are shown in Figure 50 at nozzle Prg/P, settings of 2.5 and 3.0,

L e e b e W

e f

i

iy 77

* S
1 ‘\
| L
| v e e WW‘E}?WW et o g - - - — e T T e
i, Y N e - ar T :




and the high frequency individual immerged jet spectra contributions are
discernible, The suppressed jet spectra differ drastically in shape from the
unsuppressed jet due to the two source contributions, and typify spectra of
previously tested multielement suppressed jets. The suppressed jet spectra
shapes change gradually as jet velocity increases, and (at high jet velocity)
match the unsuppressed jet spectra shape which is indicative of the merged
(coalesced) jet's noise dominance.

PNL suppression performance of the chute and spoke configurations
referenced to the baseline nozzle are presented in Figures 47a and 47b,
respectively. The plots are composites of:

° PNL suppression on the 32-foot arc and at the 300-, 1500-~, and
2128-foot sidelines; all data are scaled by the scale factor of
8:1. These data show the dependency of PNL suppression on
distance of extrapolation.

° PNL suppression of the unscaled measurements on the model
40-foot arc to show the PNL suppression dependency on acoustic
scale factor/technique.

Observations from Figure 47 show that peak PNL suppression values of 16.8
and 13.1 were obtained for the chute and spoke nozzles, respectively, for the
unscaled measurements on the model 40-foot arc. Scaling the data to engine
size, frequency, and location, lowered the peak suppressions to 13.3 and 11.4
dB, respectively, on the 320-foot arc. Additional lowering of peak suppres-
sions, and shifting of suppression patterns with jet velocity, are seen as
the data are extrapolated to the 300-foot sideline from the 320-foot arc,

PNL suppression levels generally tend to increase as extrapolation distance
was increased from the 300-foot sideline to the 1500~ and 2128-foot sidelines.
This 1s due to the high frequency spectra attenuation with distance and the
relative shift of PNL dominance of that high frequency spectra content between
the baseline and suppressed configurations.

In addition to acoustic data, the JENOTS tests produced base pressure
measurements from the static taps mounted on the base of the suppressor
elements of the spoke and chute nozzles, respectively., This instrumentation
was added to the acoustic model to ensure continuity of aerodynamic performance
between the aerodynamic model tests in the NASA-Lewis 8' x 6' wind tunnel
and the outdoor acoustic tests at the JENOTS facility. Typical results are
shown in Figure 48 for the spoke nozzle and Figure 49 for the chute nozzle,
in the form of Ppage/P, ratio as a function of tap radial location.

As a diagnostic test to aid in establishing the flow vectoring of the
40-chute nozzle, a flow visualization check was also performed on the JENOTS
rig. Using a sheet metal baffle between two chutes, centrally located within
the jet flow sector, lampblack dots were applied. Ambient temperature gas
flow was used at several nozzle pressure ratio settings, the plate being
photographed at each test condition. Typical patterns resulting from the
test are shown in Figure 50 at nozzle P1g/P, settings of 2.5 and 3.0,
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® Low CD/40-Spoke Nozzle
¢ JENOTS - Hot Flow Test

Full Scale
Tap Radius, -
No, Inches
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] Figure 48, Base Pressure Data for 40-Spoke Nozzle from JENOTS Tests. ’




® Low Cp/40-Chute Nozzle

e JENOTS - Hot Flow Test
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Base Pressure Data for 40-Chute Nozzle from JENOTS Tests.
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respectively, which indicate that the chute de

flow down the plug surface while the majority
a larger plume diameter.

sign did focus a portion of the
of the stream was vectored to

Aerodynamic Performance Tests

The initial aerodynamic test phase of the spoke/chute development program
was conducted in the NASA-Lewis 8' x 6 wind tunnel and included four test
models: a Supersonic Tunnel Association (STA) standard nozzle, a baseline
unsuppressed plug nozzle, the low Cp/40-spoke suppres &nr, and the 40-chute
suppressor. Each of these models was tested statica:iy and with external
flow for the following quantities: thrust coefficient, discharge coefficient,
boattail and spoke or chute pressure drags, and plug pressure coefficient
distribution. The quantities were calculated in the NASA data reduction
computer program from the measured model pressures, temperatures and forces.
(See Reference 9 for complete details of test and results.)

A description of the NASA-Lewis 8' x 6' facility can
A. A view of the system in the test section ig shown 1in
STA nozzle affixed. The support and force balance syste
throughout the test program. The nozzle was the only se
baseline unsuppressed plug nozzle is shown in Figure 52.

Suppressor models tested are displayed in wind tunmnel insc
Figures 53 and 54,

be found in Appendix
Figure 51 with the

s remained the same
ction changed. The
The aerodynamic
allation photographs,

Each model was tested statically in the tunnel at nozzle pressure ratios
of 1.5, 2, 2,5, 3, 3.5, and 4.0. All of the model nozzles were tested at
freestream Mach numbers of 0, 0.36, 0.40 and 0.45. The STA nozzle and baseline
unsuppreesed plug underwent additional testing at freestream Mach numbers
of 0.8 and 0.9. 1In order to ensure no entrainment flow over the model at
M =0 conditions, a plywood blocker door was f
Once the static data were Judged acceptable,
the wind tunnel runs were made. The test seq
Mach number, included the recording of data a

Aerodynamic Performance Results and Analysis

The rationale for running the STA and the baseline unsu
to 2csure the accuracy of the NASA/FluiDyne system.
pressed plug had been tested previously at FluiDyne,

pPrressed plug was
The STA and the unsup-
The results of these




Figure 51, STA Nozzle Mounted in NASA Wind Tunnel (Aft View).

Figure 52, Baseline Unsuppressed Plug Nozzle.
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Figure 53. Low (') 40-Spoke Suppressor Mounted in NASA-Lewis Wind
Tunne

Figure 54, 10-Chute Suppressor Mounted in NASA-Lewis Wind Tunnel.
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